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ABSTRACT 
Polymer composites based on polysulfone (PSF) and polyimide (PI) are used as 
membranes for gas separation and water purification applications. However, structure composition 
related issues limit the performance of the used films in those applications. Consequently, the use 
of nanoclays as reinforcing agents in polymer films can be essential for the membrane’s optimal 
performance. In this work, we will study the effect of a nanoclay, Cloisite 30B, on the dynamics of 
chain motions of the PSF and PI polymers. Characterization of the PI/PSF/Clay composites will be 
carried out using the broadband dielectric spectroscopy, SEM, gas separation analysis, and dynamic 
mechanical analyzer techniques.  
The main goal behind this study will be understanding chain relaxation behavior in the 
glass transition (Tg) and the sub-Tg regions. The impact of the clay on the gas barrier and gas 
separation properties will also be investigated. Dielectric spectroscopy is a powerful tool to 
characterize the composites for the following reasons: (1) Polymer chain dynamics related to glass 
transitions and secondary motions can be studied. For example, two glass transition temperatures 
would reflect a 2-phase system and this information is related to phase separated morphology 
results. (2) Distributions of relaxation times can be used to study microstructural heterogeneity 
within the blend.  
Insertion of clay is expected to alter the dynamics of the glass transition temperature and 
secondary relaxations of polysulfone and polyimide composites. Therefore, clay would alter free 
volume within the composites and affect the physical aging phenomena in membranes, and thus, 
their performance in gas separation applications. 
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CHAPTER 1 
1. INTRODUCTION 
Recently, reports have shown that Qatar is considered as one of the largest exporters 
of liquefied natural gas in the world [1]. According to the Oil & Gas Journal, “in 2015, 
Qatar had the third-largest proved reserves of natural gas in the world at 872 trillion cubic 
feet (Tcf). Most of Qatar’s reserves are in the country’s North Field, which is part of the 
world’s largest natural gas deposit” [2].  
Given this fact, purification of impurities from natural gas, especially carbon 
dioxide, is essential as it increases the quality of the natural gas and decreases the corrosion 
of transportation pipelines [3]. 
Gas separation is a significant process used by industrial gas suppliers, petroleum 
processes, chemical industries and refiners [4]. Gas separation plays a very important role 
in several industrial applications such as natural gas sweetening, H2 removal from  
hydrocarbon gases, and O2/N2 separation [5]. In addition, food, beverage, cosmetics, 
electronics and pharmaceutical industries utilize thin polymer membranes for packaging 
applications that have a controlled gas barrier to protect the products from gases and 
moisture [6]. 
Polymer clay nanocomposites (PCN) have shown optimistic results in gas barrier 
and gas separation properties [7–13]. In addition, industry has shown  great potential for 
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use of polymer clay nanocomposites materials due to clay’s enhancement of polymer 
mechanical and thermal properties [14–16]. 
Polyimide (PI) composites in general are one of the most commonly used polymer 
membrane materials and its gas barrier properties have been widely studied for gas 
separation and packaging applications [17–21]. Prior research studied microporous 
materials such as zeolite and carbon molecular sieves as a filler for polyimide[22–24]. 
Layered silicate material has also attracted researchers to use it as filler because of its clear 
exfoliation effect on the morphology of polymers in general [25–28]. Other studies showed 
that the addition of low loadings of silicate sheets of montmorillonite had an obvious result 
in lowering the gas permeation properties of PI membrane [29, 30].  
Another polymer that has attracted interest is polysulfone (PSF), which has been 
used as a barrier for gas separation. PSF is a glassy polymer that is commonly used due to 
its gas transport properties. These properties have been further improved by loading the 
polymer with porous inorganic fillers [31]. In 2002, Wang et al. [32] developed a polymer-
zeolite system with enhanced interfacial compatibly and relatively few imperfections by 
using zeolite porous nanocrystals. The system saw an increase in the oxygen permeability 
of 0.5 barrer and an increase in the selectively of O2/N2 of 1.8. In 2007, another study was 
conducted featuring PSF by Kim et al. [33] where the membranes were loaded with 
adjusted 10Å porous nanotubes of carbon. In this case, the oxygen permeability and O2/N2 
selectivity increased by 0.39and 0.28 barrer, respectively. The CO2 permeability increased 
by 1.3 barrer while selectively of CO2/CH4 decreased by 6.  
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In this work, polyimide/Cloisite 30B and polysulfone/Cloisite 30B have been 
fabricated via a doctor blade casting technique. Both composites were investigated by 
dielectric spectroscopy to study the effect of clay on the molecular mobility of polymer. 
The gas separation of both polymers was investigated to calculate the oxygen permeability 
of the membrane. 
Chapter 1 includes the introduction and literature review of gas separation 
membranes, different gas theory, types of membrane separation, and the role of clay in 
enhancing barrier properties. Chapter 2 includes materials and experimental techniques 
used in this work. Chapter 3 presents the results and discussion. 
This thesis includes 166 references, 6 tables, and 32 figures.   
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CHAPTER 2 
2. LITRETURE REVIEW  
 Introduction to literature review 
The fundamentals of gas separation were set forth by T. Graham, who completed 
the first gas separation experiment in a polymeric membrane in 1829 [34].  The first H2 
recovery system using gas separation membrane was established in 1977 by a company 
called Monsanto/Perma [35]. Various milestones in industrial applications of gas 
separation membranes have since been achieved. Original membranes were cellulose-
based which lead to plasticization in tough flue gas, making cellulose ill-suited for industry 
[36]. That, however, pushed scientists to investigate new membranes with better 
permeability, selectivity, and mechanical and thermal durability properties. Several 
polymeric membranes have resulted with reasonable gas separation performances, such as 
polyamides, polycarbonate, polysulfones, and polyimides [37, 38]. 
Polymer membranes are used to filter one or more gases from a feed mixture. The 
two important properties that affect the performance of the membrane are permeability and 
selectivity. Both are considered as specific properties for a certain material used to fabricate 
the membrane. In addition, both have a clear impact on the productivity and the purity 
efficiency of the membrane.   
Permeability is a parameter that describes the flux of gas in the region it occupies, 
while selectivity is the ability of the membrane to allow the transfusion of one gas while 
blocking another, as shown in Figure 1. 
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Figure 1 : Principle of gas permeation and separation 
 
Objectives  
Developing highly efficient membranes for gas separation has attracted the interest 
of many scientists both in academia and industry and many studies have been devoted to 
improve such membranes. Accordingly, the main objectives of this thesis are: 
1- Preparare and characterize pulysulfone/clay nanocomposite membranes. 
2- Prepare and characterize polyimide/ clay nanocomposites membranes. 
3- Use dielectric spectroscopy to study the effect of clay on the sub-Tg and Tg-
related relaxation. 
4- Evaluate the prepared membranes as oxygen gas barriers. 
In this work, two types of nanocomposites (polysulfone/clay and polyimide/clay) 
are studied with a focus on investigating the application of gas separation technique, 
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especially as it applies to oxygen permeability. This can be achieved by increasing the 
distance of the diffusion path, thereby reducing the quantity of oxygen molecules that 
would permeate through the membrane in a given time. The aim of this thesis is to prove 
the ability of improving gas barrier based on nanocomposites membranes.  
Theory of gas permeation  
The permeation of gas through membranes occurs as a result of a pressure gradient. 
Because the morphology of the membrane restricts the translation of the gas through the 
membrane, different morphologies have different transport mechanisms [39]. 
Moreover, varying pore sizes of membranes result in five possible mechanisms for 
membrane separation [40]: surface diffusion, molecular diffusion (or molecular sieving), 
capillary condensation, Knudsen diffusion and solution-diffusion separation. 
 
Figure 2: Schematic representation of three of the different possible mechanisms for 
membrane gas separation, Knudsen diffusion, molecular. 
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Since polymers have packed chains they are considered to be dense packaging 
materials that allow for very few permeable corridors for molecules [41]. Molecules need 
to be dissolved into the polymer matrix and then diffused through it in order to permeate. 
This solution-diffusion permeation process is defined as: 
P = D× S      Equation [1]  
where P is the permeability (cm3 · cm/ (cm2 · s · Pa)), D is diffusivity (cm2/s) and 
S is the solubility (cm3 (273.15K; 1.013 × 105 Pa)/cm3· Pa) of the polymer. Diffusivity is 
a kinetic parameter defined as the ability of molecules to pass through a polymer 
membrane. Solubility is a thermodynamic parameter related to penetrant-polymer 
interactions. Gas transport is affected by the morphology of the polymer. Diffusion through 
polymers can exist in two states: they rubbery (below Tg) and glassy state (above Tg).   
Polysulfone and Matrimid© polyimide are examples of glassy polymers. The major 
free volume within the glassy polymeric membranes is due to the presence of micro voids. 
Membranes comprised of glassy polymers are generally diffusivity and selectivity 
controlled [42].  
1.1.1 Knudsen Diffusion 
Knudsen diffusion typically takes place in macroporous and mesoporous 
membranes. In this mechanism, the pore size of the membrane is smaller than the free path 
of the gas molecules. In this case, collisions between the molecules and the pore barrier are 
more frequent than collisions between the molecules themselves. The selectivity is 
proportional to  the inverse square root of the molecular weights [43].  
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1.1.2 Surface Diffusion 
 In surface diffusion, gas species are typically adsorbed at the pore barrier. The 
degree of interaction between the adsorbed gas and pore surface determines the rate of 
surface diffusion. As a result, separation occurs due to the difference in gas-membrane 
interactions for various gas. Surface diffusion generally occurs in combination with other 
transport mechanisms such as Knudsen diffusion [44].  
1.1.3 Molecular Diffusion 
Molecular diffusion, or molecular sieving, differs from Knudesen diffusion as it  
occurs when the pore size is larger than the mean free path of the gas species. Here the 
diffusions happens mainly through collisions between the molecules themselves. The 
direction of the separation is dictated by the composition gradient. It is referred to as 
molecular sieving because it works as a sieve for the gas mixture and it depends on size 
exclusion. In addition, membrane’s pore sizes are specified depending on the diameter of 
the gas molecules. This makes a difference in the rate of diffusion for small molecules as 
compared to larger ones. For example, the CO2 /N2, unity is smaller than the selectivity, as 
N2 has a larger kinetic diameter than CO2 [45]. 
1.1.4 Capillary Condensation 
Capillary condensation is usually detected in mesoporous membranes. It is a type 
of surface flow that occurs when there is a condensable gas in the mixture and it fills the 
pore. After that a meniscus is formed at the ends of the pore, it facilitates the transport of 
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gas through hydrodynamic flow that is caused by a capillary pressure difference between 
the ends. Regarding the process of adsorption, as pressure is increased, the ultimate limits 
can be obtained through capillary condensation. Theoretically, this mechanism can achieve 
very high selectivity, which is due to the liquid layers of condensed gas that this layer will 
block, inhibiting the flow of non-condensable gases [46]. 
1.1.5 Solution-diffusion separation 
Solution-diffusion separation, also referred to as configurational or microspore 
diffusion, occurs when the pore size of the membrane is close in size to the molecular gas 
diameter. In this mechanism, diffusion is known as an “activated” process and separation 
occurs when there are strong interactions between the pore wall and the gas molecules. 
Solution-diffusion separation is common in zeolite membranes and carbon molecular 
sieves as both are micro porous membranes [47].  
Moreover, this type of separation can be considered as the main mechanism for 
separation through dense polymeric membranes [47–50]. The mechanism can be 
summarized by three steps: 
1- Adsorption: where the gas molecules adsorb on the surface of the membrane.  
2- Diffusion: where the gas molecules diffuse through the polymer matrix. 
3- Evaporation: where the gas molecules evaporate to the exterior. 
Based on the previous explanation of gas permeation theory, we can understand the 
mechanism that polymers follow. Polymers are generally dense packaging materials with 
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well packed chains that show very limited pathways for molecular diffusion [41]. In glassy 
polymers, adsorption of gas is a complicated step defined by the combination of Henry’s 
Law and Langmuir’s expressions. Accordingly, it is called “dual mode sorption theory”. 
On the other hand, Arrhenius relations are used to define the solubility and diffusivity 
coefficients [51].  
The effect of chemical structure on membrane permeability 
Kim et al. [52] reported synthesis of a series of different structures of aromatic 
polyimides and tested their permeability and selectivity for different pairs of gases 
(He/CH4, CO2/CH4, N2/CH4, and O2/N2). Results showed that the chemical structure has 
an important impact on the permeability and selectivity by the alteration of diffusivity 
factors. The same group also suggested that despite the increase in permeability being 
linked with a decrease in selectivity, there are still other options to have other polymers 
with high permeability and high selectivity. This can be done by designing the intra 
segmental mobility and intersegmental packing of membranes [52]. 
Further studies [53], included a series of fluorinated and non-fluorinated 
polyimides, examined the effect of chemical structure on permeability and selectivity. The 
study showed interesting results and concluded that the chain packing density has a direct 
effect on the permeability. Here they found lower packing densities were associated with 
higher permeabilities [53]. 
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Similarly, different studies related to the use of various polymers have been 
collected in order to study the relationship between the permeability and separation factor 
[54]. The study reported that the capability of the polymer to separate the gas is mainly 
controlled by the diffusion coefficient. When the molecular spacing in the polymer 
becomes narrower, the permeability decreases as a result of the decreased diffusion 
coefficient [54].  
For glassy polymers, packing density and mobility of polymer chains control the 
diffusion coefficient and diffusive selectivity. Increasing packing density will decrease the 
diffusivity selectivity, which depends on the size gradient.  
1.1.6 Fractional free volume 
Over the past years, scientists have tried to theoretically understand the 
permeability of polymers. Several important trials have been done to attempt to increase 
the intrinsic permeability of the polymer by studying the monomer, rigidity, functional 
groups and chain structure [55].  
Permachor is a method developed by Morris [56] that aims to predict the oxygen 
permeability in a polymeric membrane by calculating the empirical factor for each 
chemical group, which directly affects the total permeability.  
In another study, Bicerano [57] predicted the permeability using two significant 
parameters; the rotational freedom and the packing density of the polymer. However, Lee 
[58] developed an equation that correlates the gas permeability with free volume. He 
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defined the fractional free volume as (V-V)/V, where V and V represent the specific 
volume (reciprocal of the density) and the volume occupied by the polymer molecule, 
respectively. More experiments proposed that the effects of the polymer structure on 
permeability is more about the result of varieties in the diffusion coefficient (D) rather than 
solubility coefficient (S) [59]. 
Free volume plays a critical role in the diffusion coefficient, more so than any other 
parameter. Because of this, a relationship between permeability coefficient and free volume 
has been determined through experiments [60] as follows: 
 
P = A exp (-B/FFV)    Equation [2] 
 
where A and B are constants for a particular gas and FFV is the fractional free volume 
defined as follows: FFV = (V-Vo)/V. The fractional free volume can be theoretically 
estimated from the molecular structure with the aid of the compass force field theory [19]. 
Ttypes of gas separation membranes 
Membranes have been used as a separation technique since 1748 when Abbe Nollet 
experimented with a pig’s bladder to separate water from the wine [34]. After establishing 
the concept of membrane separation, Thomas Graham completed the first experiment in 
1829 for gas separation using a rubber polymer membrane [61]. With the revolution of 
industry and the demand of the fuel and energy, the importance of gas separation was 
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especially increased. As a result scientists began to search for a suitable material to be used 
as a membrane in an attempt to improve efficiency. 
Depending on the material used, gas separation membranes can be divided into four 
categories: inorganic, mixed matrix, facilitated- diffusion, and polymeric membranes [36].  
The concept of facilitated transport membranes is to ease the diffusion of the 
designated component by creating a bond between the gas molecule and the membrane 
[36]. This method has drawbacks such as mechanical instability, low diffusion rate, and 
formation flaws. 
The inorganic membranes, although considered to be a good separating technique 
with thermal and chemical stability [62], are not favored in an industrial practice. This is 
due to the relatively high cost and complexity of handling and processing.  
Unlike the previously mentioned inorganic membrane, polymeric membranes are 
considered to be a cost effective membrane with easy of handling and processing. 
Nevertheless, they lack both mechanical and chemical stability. Hence, their utilization is 
restricted to non-reactive and low temperature gases.  
In order to improve polymer membrane shortcomings, blending of different 
polymers with different properties has been developed. Deriving a polymeric membrane 
by blending currently existing polymers instead of creating a new one is cost effective and 
time efficient [63]. At relatively high temperatures and pressures, such as those needed for 
natural gas purification, polymeric membrane performance may be hindered by CO2 
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plasticization. To avoid this, polymers with resistance to plasticization [64] as well as 
enhanced thermal and mechanical properties [63] can be created via blending. 
Mixed matrix membranes are a hybrid of inorganic and polymeric membranes 
capable of achieving the advantages of both membrane types. This membrane has 
outstanding gas separation behavior while maintaining mechanical and thermal stability. It 
is a cost effective technique with easy handling and processing [62]. 
Polymer membrane  
In the early 80’s, Permea [65] started to use synthesized polymers such as 
polysulfone hollow fibers to separate H2/N2. In early the 90’s new types of polymer 
membranes were established in the market such as polyimide hollow fibers to separate 
CO2/CH4 [61].  
After this many researcher used different types of polymers for gas separation such 
as poly(trimethylsilyl-1-propyne) [66], polybenzoxazoles [67], poly(diphenylacetylene) 
[68], polysulfone [69] and polyimide [21].  
Choosing the proper material for a membrane is not easy because it has to balance 
the permeability and selectivity. Some reports [47] showed that rubbery polymers have 
high permeability and low selectivity and the author explained this result according to the 
loose chain packing [47]. On the other hand, glassy polymers showed low permeability and 
a significantly high selectivity when compared to rubbery polymers [70]. In order to use 
them in industrial applications, however, it has to be on a large scale [64]. 
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Table 1: Recent publications of polymaric membranes used in gas separation. 
Authors Polymer Modification Remark Application Year 
Basu et al. [71] Polyimide Metalorganic 
frameworks: 
[Cu3(BTC)2], ZIF-8, 
MIL-53 (Al) 
Selectivity and permeance of CO2/CH4 and 
CO2/N2 feeds under different CO2 
compositions simultaneously increased 
with higher filler loading. 
CO2/CH4, CO2/N2 2011 
Sakaguchi et al. [68] Poly(diphenylacetylene) Modified with nitric acid The amination of poly(diphenylacetylene)s 
increased CO2 perm- selectivity and 
decreased gas permeability except 
CO2 2014 
Goryaev et al. [72] Poly(ethylene glycols) Added ionic liquids Increase in their permeability to CO2 CO2, O2, N2, and 
H2 
2014 
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Eguchi et al. [18] Cross-linkable 
polyimide membranes 
Enhanced transport 
plasticization resistance 
Excellent balance of selectivity, 
permeability, and plasticization resistance. 
CO2 from CH4 2015 
Borjigin et al. [67] Polybenzoxazoles Thermally rearranged The permeability coefficients of polymers 
significantly improved 
CO2 2015 
Zhuang et al. [21] Polyimide Incorporating Tröger’s 
Base 
The incorporation of TB units into the PI 
backbone improved the gas transport 
performance 
CO2 2016 
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 Developments of polymer membranes  
Polymeric membrane advantages such as low cost of operation and ease of 
preparation and processing cause a huge spread of its use as a gas separation technology. 
On the other hand, polymeric membrane limitations such as low thermal and chemical 
stability cause problems such as plasticization at specific operation conditions. This makes 
it unreliable for use as a gas separation application in industry [3]. In order to avoid the 
polymeric membrane problems and improve performance, numerous methods have been 
suggested that include: crosslinking [73], copolymerization [74], polymer blending [75], 
thermal rearrangement [76], grafting of backbone, dual-layer hollow-fiber spinning [77], 
using fillers, i.e. mixed matrix membranes. 
1.1.7 Mixed matrix membranes 
Many studies suggest the production of mixed matrix membranes as a way to avoid 
the problem of inorganic and polymeric membrane [22], [78–81]. Mixed matrix 
membranes are simply a polymer matrix containing dispersed filler of inorganic material. 
Table 3 provides some of the recent work on improving the mixed matrix membranes in 
order to reach the needed selectivity and permeability. 
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Table 2: Some recent polymer blend membranes used in gas separation 
Authors Polymer Remark Application  Year 
Mannan et al. [82] Polysulfone( PSF) 
Poly(ether sulfone) 
(PES) 
The addition of PES in the PSF 
membranes enhanced the 
separation performance of the 
blend membranes and, 
consequently, a 65% increment in 
the selectivity was observed in the 
PSF/PES membranes 
CO2 from CH4 2015 
Ahmad et al. [83] Poly- benzimidazole 
(PBI) 
Polyvinylidene 
fluoride (PVDF) 
 67 % of the CO2 in a 
gas mixture of H2 
and CO2 could be 
removed  
2015 
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Rabiee et al. [84] Poly(ether-b-amide6)/ 
Poly(tetramethylene 
ether) glycol 
Permeation results showed an 
increment in the tested gases along 
with enhancement in CO2/H2 
permselectivity. However, CO2/N2 
and CO2/CH4. permselectivity did 
not improve 
CO2 separation from 
H2, N2 and CH4 
2015 
Giel et al. [85] Polyaniline 
Polybenzimidazole 
The permeability, diffusion and 
solubility coefficients decrease 
with increasing concentration of 
PANI in the blend. The ideal 
selectivity increase with increasing 
concentration of PANI in the blend 
H2,O2,CH4,N2, CO2 
and water vapor 
2016 
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Table 3: Recent publications about polymer nanocomposites for gas separation.  
Researcher polymer Molecular sieve Application Remarks Year 
Dorosti et al.[86] polysulfone/polyimide zeolite ZSM-5 N2, O2, CO2 and CH4 The blend show higher permeability and 
acceptable selectivity in comparison with 
plain membranes 
2011 
Karkhanechi et al.[87] Polyimide (PI) Nano-zeolites 13X and 
4A 
N2,CH4,CO2,CO
2/N2, CO2/CH4 
Permeability is decreased and selectivity 
increased 
2012 
Magueijo et al.[88] Polysulfone Microporous carbon 
xerogels 
CO2/N2 
CO2/CH4, CH4/N2 
higher selectivity 2013 
Liang et al.[89]x Polybenzimidazole 
Polyimide 
ionic liquids  [C4mim] 
[NTf2] 
H2,N2, CO, CO2 and CH4 PBI membranes had high H2 selectivity 
to other gases, and  [C4mim]  [NTf2] 
improved gas permeabilities especially 
CO2.CO2, CO, H2, N2 and CH4. 
2014 
Xiang et al.[90] Layers of 
polyethylenimine (PEI) 
and poly(acrylic acid) 
(PAA) 
montmorillonite (MMT) 
clay 
O2 barrier Increasing the Diameter of Clays and 
Exposure Times increasing the 
permeability. 
2014 
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Moghadassi et al.[91] Polyvinylchloride 
Styrene-Butadiene-
Rubber 
Zeolite He, N2,CH4,CO2 
 
permeability was increased and 
(CO2/N2), (CO2/CH4) and (N2/CH4) 
selectivities all were decreased by the 
increase of zeolite loading ratio 
2014 
KARĞIL[80] Polyethersulfone, 
Polyimide 
Zeolitic Imıdazolate 
Framework-8 (ZIF-8) 
H2/CO2, CO2/CH4, 
H2/CH4 
The permeability of all gases increased as 
the amount of the PI in the blend 
increased. Selectivity values increased 
with increasing PI composition. 
2015 
22 
 
Fillers can be inorganic material such as zeolite [86], silica [93], metal oxides, and 
carbon molecular sieving [78]. However, these fillers have some limitations such as 
segregation, poor polymer-filler bonding and pore blocking, which make them undesirable 
for industrial applications. Zeolite is the most common filler among those listed and it has 
been studied by many researchers [86, 69, 38, 94] . 
 Layered silicates have attracted the attention of researchers because it shows a 
significant improvement in the polymer properties when compared to the pure polymer. 
Studies show that layered silicates can improve the tensile strength and heat resistance as 
well as decrease gas permeability and flammability [16, 26, 28, 95]. 
Role of clay  
In polymer/clay composites the clay is present in a discontinuous phase while the 
polymer matrix is a continuous phase [96]. Adding clay to a polymer enhances the 
mechanical [14], [97–99], thermal [100–102], and barrier [103] properties as well as 
reduces the flammability [104] compared to the polymer alone. The enhanced properties 
are due to the nanoparticles dispersion inside the polymer matrix that can reinforce the 
structure and create diffusion obstacles for gas molecules [23]. Clay is a layered silicate 
material that enhances gas barrier properties when it is fully exfoliated in a polymer matrix 
[105]. Montmorillonite (MMT), one of the most studied clays [106–108], is an inorganic 
phyllosilicate composed of one inner alumina or magnesia octahedral layer sandwiched by 
two silica tetrahedral layers (Figure 3 [27]).    
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Figure 3: Montmorillonite clay chemistry and structure [27]. 
 
The most commonly used theory to explain the enhanced gas barrier characteristic 
of polymer/clay nanocomposites is Nielson’s theory that was developed in 1967. This 
model focuses on the effect of the exfoliated clay to create a tortuous path for permeating 
molecules [109], as represented in Figure 4. The extension of the tortuous path will 
decrease the permeability of gas [110]. The increase in path length is a result of the high 
aspect ratios of the clay filler and volume fraction of the filler in the composite [111]. 
Permeabilities of different gases decreased when MMT was used as a filler in polyolefins 
[112], epoxy [113], polyamide [114], and polyurethane [8]. 
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Figure 4 : Gas transport through a polymer-platelet composite via a tortuous path 
 
Another benefit of the clay is that it works as a compatibilizer for the two polymers. 
Blending two or more polymers presents a way of creating an interesting mixture in 
properties that may not be present in a single kind of polymer. Nevertheless, resulting 
polymer blends usually have poor mechanical properties due to the unstable phase 
morphology formed during melt processing. Another unfavorable feature that is often 
present in polymer blends is thermodynamic immiscibility [115–117]. This behavior 
occurs as the entropy of mixing between segments of different polymers is not high enough 
to reach the required driving force for miscibility [118]. Regardless of this fact, there are a 
numbers of polymer-polymer pairs that offer valuable properties for different commercial 
products.  
Other factors that may contribute to the incompatibility between mixed polymers 
are low interfacial adhesion, nonpolarity, and difference in molecular weight of the mixed 
polymers. Several studies have reviewed the thermodynamics of polymer blends [119, 
120].  
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Monticelli et al. [121] studied the relationship between porous membranes and 
dense films formed from polysulfone mixed with three different types of clay: Cloisite Na, 
Cloisite 93A, and Cloisite 30B. Monticelli and her team used SEM to characterize the 
morphology of the composite and the results show that the clay dispersion was dependent 
on the type of clay. As noticed in the Figure 5, homogeneous dispersions of Cloisite Na 
and 93A aggregates were clearly observed, while no aggregates were present in the 
composite membrane prepared from Cloisite 30B. 
 
 
 
 
 
Figure 5: SEM results of polysulfone/30B membrane cross sections with 2% clay by 
secondary-electron emission [121]. 
 
Different studies have shown that there are significant improvements in 
permeability reduction to gases, moisture and organic vapors results when low 
concentrations of clay nanoparticles are added to various glassy polymers matrices   
[25],[6]. 
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CHAPTER 3 
3. EXPERMINTAL   
3.1 MATERIALS 
3.1.1 Polysulfone  
Polysulfone was supplied by Solvay as Udel® P-1700 with a molecular weight of 
56,600 (g/mol). Polysulfone has significant physical and chemical properties such as 
rigidity, toughness, and high-strength, making it a suitable thermoplastic material for 
continuous use up to 300 °F (149 °C). Furthermore, it is resistant to oxidation and 
hydrolysis. “Udel P-1700 polysulfone is highly resistant to mineral acids, alkali and salt 
solutions. Its resistance to detergents and hydrocarbon oils is good, but the resin may be 
attacked by polar solvents such as ketones, chlorinated hydrocarbons and aromatic 
hydrocarbons [122].  
 
 
Figure 6: Structure of P-1700 polysulfone (PSU) [123] 
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3.1.2 Polyimide  
Matrimid 5218 polyimide was supplied Alfa Aesar. It comes in the form of a yellow 
powder and has a density at 20 °C of 1.2 g/cm3 and a melting point > 300 °C. 
 
 
 
Figure 7: Structure of polyimide [123] 
 
3.1.3 Solvent  
N-dimethyl formamide (NMP) with a 99.1 g/mol molecular weight has been chosen 
as a solvent for its compatibility with both polyimide and polysulfone. The solvent was 
obtained from Aldrich Chemicals, and has a boiling point of approximately 180 ºC, liquid 
density at 20, 40 and 60 °C of 1.03, 1.02 and 0.99 g/ml, respectively. Its boiling point at 
760 mm Hg is 204.3 °C. 
 
 
Figure 8: NMP solvent structure [123] 
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3.1.4 Clay  
Cloisite® 30B was supplied by Southern Clay Products, and is a natural 
montmorillonite modified with a quaternary ammonium salt. 
 
 
Figure 9: Structure of Colisite 30B. Ref. of this picture from Southern Clay website 
 
3.2 Methods 
Preparation of the polymer/clay films was done in three main steps: mixing, casting 
and drying.  
3.2.1 Mixing  
Mixing was done using a Thinky Mixer to mix the solvent with the polymer and 
clay. Figure 10 shows how the solution container revolves and rotates in a rotating-
revolving manner at high speeds. 
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Figure 10: The mechanism of thinky mixer 
(http://www.thinkyusa.com/commentary/jiten-kouten.html) 
 
Polysulfone and polyimide with various loadings of cloisite 30B clay (0, 0.5, 1, 2 
and 3%) were mixed with NMP solvent to obtain a 20 wt. % solution. 
3.2.2 Solution casting 
After preparing the polymer/clay mixture, solutions were cast on a sheet of glass 
using a Dr. Blade (Figure 11).  Polysulfone/clay-NMP and polyimide/clay-NMP systems 
were created using five different clay loadings:  0, 0.5, 1, 2 and 3%  C30B. The doctor 
blade gap was set as 200 and 559 μm, which results in approximately 40 and 70 μm thick 
films respectively after using two different methods for drying that depended on the 
corresponding mass fraction ratios of the solutions. The carrier speed was set to 10 cm/min 
for uniform casting conditions. 
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Figure 11: Schematic for Dr. Blade castig 
 
3.2.3 Drying  
The samples were placed in an oven at 120 C for 2 hours after casting.  
3.3 Characterizations 
3.3.1 XRD 
X-ray analysis was done on the PSF/Cloisite 30B and PI/Cloisite30B 
nanocomposite films to determine the level of polymer intercalation into the nanoclay 
layers. The intercalation of polymer(s) in between the nanoclay layers results in an 
increased interlayer distance. X-ray analysis is used to confirm this due to the cyclic 
arrangement of the silicate layers in both the pristine and intercalated states. X-rays are 
created when high energy electrons hit a metal target. A given wavelength (λ) for X-rays 
is diffracted via a system of parallel and equally distant lattice planes of spacing dhkl that 
satisfies Bragg’s Law (Figure 12). 
  nλ = 2dhkl sinθ   Equation [4] 
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where, n is a positive integer and denotes the order of reflection, λ is the wavelength, θ is 
the angle between the incident ray and the reflecting plane and dhkl is the distance between 
the adjacent planes in the crystals. 
 
 
Figure 12: Bragg's law derivation. (http://www.eserc.stonybrook.edu/projectjava/bragg/) 
 
Using wide angle X-ray scattering we investigated the distance between clay 
platelets for different loadings of nanocomposites. Experiments were performed in an X-
ray diffractometer, Rigaku MiniFlexII (Figure 13). The electron source was Cu-Kα 
(=1.5404 Å). The instrument used ICDD (International Center for Diffraction Data) 
software to operate. The operation power is 50 kV and 20 mA. Scans were obtained in a 
2θ range from 1.9° to 40°, with a 0.1° step size. 
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Figure 13: Miniflex Desktop X-ray diffractometer (XRD) 
 
3.3.2 Gas barrier  
Oxygen transsmision rate testing was performed by MOCON OX-TRAN® (Figure 
14) in accordance with ASTM D3985-81 and ASTM F1249-01 using an Oxtran 2/21 ML 
instrument at 25 °C, 1 atm oxygen pressure and 0% relative humidity. This device uses a 
continuous flow method (ASTM D3985-81 and ASTM F1249-01) along with nitrogen as 
the carrier gas in order to measure oxygen flux, J(t), through the composite membrane. The 
membrane samples were carefully conditioned in the device, as described in a previous 
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study [124]. The steady state flux 𝑗∞was used to calculate the permeability coefficient (P) 
by using Equation 5 .  
     𝑃 =
𝑗∞𝑥𝑙
∆𝑝
              Equation [5] 
where 𝑙 is the film thickness and ∆𝑝 is the oxygen partial pressure difference across 
the membrane.  
 
 
Figure 14: OX-TRAN® (MOCON). 
 
Dielectric spectroscopy 
Dielectric spectra were isothermally measured via a Novocontrol GmbH Concept 
40 Broadband Dielectric Spectrometer (BDS) (Figure 15) within the temperature range of 
-80 to 250 °C and frequency range 0.1 Hz - 3 MHz. Samples were stored in a desiccator at 
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room temperature for approximately one week before BDS experiments were performed 
to reduce the obscuring effect of water on the dielectric readings. Each sample was covered 
on both sides with aluminum sheets and the assembled sample was placed in the middle of 
two stainless steel electrodes with a diameter of 2 cm. Finally, samples were placed in the 
instrument for data collection.  
The Havriliak-Negami (H-N) equation [122-124] was used to fit the experimental 
data in order to obtain the important information on each relaxation process in the 
composite especially after the insertion of clay: 
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where ′ represents real dielectric permittivities and ″ represents imaginary dielectric 
permittivities, where i equals -1. The sum contains three relaxation terms while the left 
term is related to the DC conductivity. 0 represents vacuum permittivity,  represents 2πf, 
and dc represents DC conductivity. “For each relaxation term k, the dielectric strength k 
= (R - )k is the change between ′ at low and high frequencies, respectively.” [128] The 
exponent N symbolizes conduction with regards to the nature of charge hopping pathways 
and mobility constraints [128] and a describes the breadth of asymmetry of the ″ vs.  
peaks while b describes its degree. Havriliak-Negami relaxation time HN is associated with 
the actual relaxation time (max) at loss peak maximum ( fmax) as illustrated in the following 
equation [129]: 
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In Equation 7, the DC term is attributed to the unintended or inherent charge 
migration that is usually deducted to reveal loss peaks or make them further distinctive. 
 
 
 
Figure 15 : Novocontrol GmbH Concept 40 broadband dielectric spectrometer. 
 
36 
 
CHAPTER 4  
4. RESULTS AND DISCUSSION  
In this work, two polymer-based nanocomposite systems have been prepared using 
a doctor blade casting technique. The results and discussion chapter is divided into three 
main sections: preparation of polymer nanocomposite films, as well as its optimization and 
characterization using SEM, EDX, and XRD (section I), dielectric studies via a broadband 
dielectric spectrometer to understand the homogeneity of samples, chain motion dynamics, 
and interfacial interactions (section II), and investigation of enhanced gas barrier property 
performance for gas separation applications (section III).  
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4.1 Morphology And Structural Properties 
The morphology and structure properties could be found by different characterization 
methods, such as, X-Ray Diffraction (XRD) , scanning electron microscope (SEM), and 
EDX. 
4.1.1 X-ray diffraction (XRD) 
X-ray diffraction analysis was done on the PSF/Clay and PI/Clay nanocomposite 
films to determine the level of polymer exfoliation into the nanoclay layers. The exfoliation 
of polymer in between the nanoclay layers results in an increased interlayer distance, and 
this nanocomposite structure is commonly monitored with XRD where the clay diffraction 
peaks are observed to disappear due to the crystallographic order being lost when 
completely exfoliated [130]. As such, XRD is particularly studied for this purpose, due to 
the cyclic arrangement of the silicate layers in both the pristine and exfoliation states. 
Wide-angle X-ray diffraction measurements of the Cloisite® 30B powder and the 
PSF/Cloisite® 30B nanocomposite membranes are shown in Figure 16. Patterns show that 
the pure Cloisite 30B has a characteristic peak at 2θ = 4.7° which is attributed to the basal 
spacing (~ 20.8 Å). It is noticed that the main peak of the clay disappeared, which indicates 
a high degree of exfoliation. 
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Figure 16 : X-ray for neat PSF and different C30B loading  nanocomposite films 
 
The XRD patterns of the Cloisite® 30B powder and the PI/Cloisite® 30B 
nanocomposite membranes are presented in Figure 17. The observed dip in the interplanar 
spacing of the PI/Cloisite® 30B sample at a loading of 0.5,1 and 2 wt% have completely 
disappeared, which reveals the formation of exfoliated structures due to the interactions 
between the PI network and clay platelets. On the other hand, a 3wt% clay loading shifts 
the peak to a lower 2θ position at approximately 2θ = 6.8 indicating a mixed morphology 
of the clay.  
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Figure 17: X-ray for neat PI and the C30B nanocomposite films. 2-theta in degrees  
 
4.1.2 Scanning Electron Microscope (SEM), and EDX 
The morphology of Cloisite 30B nanoparticles in PSF and PI was observed by 
scanning electron microscopy (SEM) of freeze-fractured specimens. 
Figure 18 show a cross-sectional SEM image with analysis using energy dispersive 
x-ray (EDX), for both PI and PSF with 1% clay. The image show that the Cloisite 30B 
nanoparticles have uniform dispersion in the PSF and PI matrix as indicated by the red 
color of Cloisite 30B particles, which is mainly the silica element of Cloisite 30B. This 
well dispersion of clay also confirms in our previous result of XRD. 
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Figure 18: SEM and EDX  mapping analysis shows the dispersion of 1% C30B 
nanocomposite in : (A) PSF film , (B) PI film. 
 
  
B A 
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5. DIELECTRIC STUDY 
Modern broadband dielectric spectroscopy (BDS) is a powerful material characterization 
tool with strong capabilities for examination of polymer chain molecular dynamics over  
broad frequency (f) ranges, temperatures, distance and time scales [129]. For example, 
Mauritz and Hassan used BDS to characterize the glass transition temperatures [131] and 
chemical degradation in polylactides [132] and Nafion membranes [133]. Besides 
polymer chain relaxations, changing interfacial polarization  can be due to the alterations 
in dielectric permittivity and/or charge conductivity across phase margins [134]. 
Dielectric spectroscopy examines interactions of applied electric fields in alternating 
directions (AC field) with dipoles having reorientation mobility in materials. Long-range 
cooperative chain motion of segments, which is affected by glass transition, and dipole 
rearrangements are influenced by the conformational fluctuations on different distance 
scales.  
In this study, we investigate the effect of clay on the dynamics of the glass transition 
temperature (Tg) and secondary relaxations of polysulfone and polyimide composites. 
Changes in these relaxations with addition of clay reflect changes in the free volume and 
physical aging, which ultimately affect membrane performance in gas separation 
applications. 
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Secondary Relaxations and Glass-rubber Transition in Polysulfone/Clay Composites 
Figure 19 shows the different relaxation processes exhibited by the control polysulfone 
(PSF) sample before clay addition. Crests of the 3D dielectric permittivity loss (″) – 
frequency (f) - temperature (T) response surfaces over a broad range of temperatures (-80 
to 250 °C) are displayed. Three types of relaxations are evident in Figure 19, namely,, ,  
and Tg-relaxations, respectively, in the order of their appearance from low to high 
temperature. A detailed analysis of these three relaxations and effect of clay addition on 
their motions will be the subject of the following section of this chapter.  
The -relaxation is assigned to the local dipole oscillations of the –SO2 and the –(CH3)2 
groups of the sulfone (SU) and the bisphenol (BP) sides of the polymer, respectively [135], 
[136]. Other researchers ascribed this relaxation to fluctuations of the phenyl rings of the 
bisphenol [137] or the sulfone [138] sides or to a superposition of the local motion of the 
rings in both sides [139].  
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Figure 19 : ″ – f - T response surfaces for the control PSF sample. Curves are spaced at 
10 oC increments and arrows follow the crests of differentrelaxations to show their 
progression with temperature. 
 
More in-depth insight on the -relaxation is shown in the ″ vs. frequency spectra as a 
function of   temperature for different samples in Figure 20. Experimental data were fitted 
to the H-N equation (Eqn. 6) which displayed  very good fits, as indicated by the solid 
lines.  
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Figure 20 : Frequency dependence of the ″ at different temperatures showing the -
relaxation for the PSF control (a), 0.5wt% clay (b), and 3wt% clay (c) samples. Lines 
represent the H-N equation fits to the experimental data. 
 
-relaxation peak maxima for the samples shift to higher frequency with increasing 
temperature, indicating faster local motions for the –SO2 and –(CH3)2 dipoles, and 
therefore, shorter relaxation times. An interesting feature of Figure 24b is the presence of 
an additional relaxation at -30 oC which could account for the -relaxation motion of the 
PSF.  -relaxation is of more cooperative nature than the -relaxation and accounts for 
intra- and interchain cooperative motion of several segments [136]. These motions are 
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related to packaging defects and should disappear after extended annealing [140], [141]. 
For the 0.5wt% clay sample,  -relaxation was observed at a much earlier temperature than 
the other samples (-30 oC vs. 10 oC for all other samples). This could be due to some slight 
difference in the annealing process during the preparation of the 0.5wt% clay sample as 
compared to the rest. Further investigation of this relaxation and its activation energy 
changes with clay loading is currently in progress. 
Relaxation times (max = 1/2 fmax) of the -process motion were extracted at each 
temperature from the H-N model fits of the spectra in Figure 25.  Plots of log maxvs. the 
reciprocal of temperature (1/T) revealed strong Arrhenius behavior according to the 
following equation: 
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                            Equation [8]     
Where Ea is the activation energy, R is the universal gas constant and o is a pre-exponential 
factor. Temperature dependence of the relaxation times in Figure 21 is linear, rather than 
WLF-like, indicating that the -relaxation related motions are local and less cooperative. 
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Figure 21 : Arrhenius plots for the -relaxation in the polysulfone composite samples. 
Lines represent the best fits to the data 
 
Values of the activation energies for the -relaxation are calculated in Table 4.  These 
values are within the typical range for secondary relaxations in glassy polymers. The 
activation energy values are observed to systematically decrease with increasing clay 
loading up to 2wt% clay in PSF. However, the activation energy increased with addition 
of 3wt% clay, suggesting that the high loading of clay could have introduced some packing 
48 
 
defects within the polysulfone rigid backbone,thereby facilitating the fluctuation motions 
of the –SO2 and –(CH3)2 groups.          
 
Table 4 : Calculated activation energies for the -relaxation in the polysulfone composite 
samples 
Sample Activation energy (kJ/mol) Fit R2 
Pure PSF  53.03 0.9986 
PSF 0.5 clay 49.22 0.9969 
PSF 2%clay 37.51 0.9986 
PSF 3%clay  44.48 0.9998 
 
Figure 22 shows the ″ vs. f spectra of the Tg-related relaxation for the PSF control and 
clay composites samples. The Tg-relaxation is associated with the Tg related motions and 
is assigned to long-range cooperative segmental fluctuations of polysulfone [135], [136]. 
All spectra seem to have a very good fit to the Havriliak-Negami (H-N) model (Eqn. 6), as 
clearly shown by the solid lines passing through the experimental data points. The linear 
monotonic raise of ˝ values at low f accounts for the DC-conduction due to the presence 
of unintended ionic impurities, which could be remaining from the polymer synthesis as 
well as those resulting from the addition of the clay.  At low f, ion hopping events will have 
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enough time to be sampled during the experimental time scale of a half period of oscillation 
(2f)-1 and before the applied electric field reverses. Above the Tg, ion hopping events will 
be even greater due to the increased chain segmental mobility,thus causing rapid increase 
in the   ˝values.  
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Figure 22 : Frequency dependence of the ″ at different temperatures showing the Tg-
relaxation for the PSF control (a), 0.5% clay (b), and 3% clay (c) samples. Lines 
represent the H-N equation fits to the experimental data. 
 
Figure 22 also shows a signature of the sample/electrode interfacial polarization relaxation 
on the loss spectra indicated by the downward curvature of the 𝜀" values approaching low 
f  [142]–[144].  This phenomena is caused by rapid accumulation of charges in the near-
electrode regions especially at faster segmental mobility when T > Tg.  
As discussed earlier for the -relaxation, relaxation times corresponding to the ε″ vs. f peak 
maximum within the Tg region were obtained from fitting the H-N equation to the data. 
The Vogel-Fulcher-Tammann-Hesse (VFTH) equation [145], shown below, was then 
fitted to max vs. T data: 
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                      Equation [9]  
Where kB is the Boltzmann constant and 0 is a hypothetical relaxation time at infinite 
temperature. Ea, while having units of energy but is not associated with an activated process 
in the common sense.  TV, the Vogel temperature, is the temperature at which chain 
segments become frozen in a supposed situation of cooling a polymer from the rubbery 
state in a quasi-static manner.   
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Figure 23 shows log10 max vs.  T-1 plots for the PSF and its clay composite samples.  The 
curvature (as opposed to linearity) of all plots is typical for the long-range motions in glass-
forming polymers.  The curves for the pure PSF and 3% clay samples are almost identical 
and are moderately down-shifted on the plot relative to the 0.5 and 2% clay samples. This 
down-shifting feature indicates that chain motions are faster in the case of pure PSF and 
3% clay samples.   
 
 
Figure 23 : . VFTH plots for the Tg-relaxation of the polysulfone/clay composite samples. 
 
Vogel temperatures extracted from the VFTH equation fitting to the data are given in Table 
5.  As generally explained, higher Tv corresponds to more effective chain packing, i.e., 
lower free volume, in a hypothetical equilibrium-like state via quasi-static cooling.  Based 
on this view, a lower specific volume for the 0.5 and 2% clay samples would suggest more 
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efficient chain packing and therefore a higher Tg relative to the pure PSF sample. This 
conclusion supports the decrease in O2 permeability, reported above, with the addition of 
clay. While the reported results for the 3% sample may suggest higher free volume, this 
phenomena will require further investigation to explain it. 
  
Table 5 : Calculated Tv values for the Tg-relaxation in the polysulfone composite 
samples. 
Sample Tv (K) 
Pure PSF 295 
PSF 0.5% Clay 320 
PSF 2% Clay 396 
PSF 3% Clay 239 
 
Secondary Relaxations in Polyimide/Clay Composites 
The material under investigation in this section is Matrimid®, which is an amorphous high 
Tg thermoplastic polyimide (PI). Matrimid is commonly used as gas separation membranes 
but one main challenge encountered is physical aging [146], [147].  The following analysis 
will use broadband dielectric spectroscopy to shed light on changes to secondary motions 
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with addition of clay in the PI/clay composites and the potential impact of these 
modifications to the physical aging phenomena. Physical aging is strongly linked to 
segmental mobility changes and shifts from equilibrium state [148]. Therefore, inclusion 
of clay would cause the sub-Tg motions to endure physical aging and allow it to proceed 
towards equilibrium with minimal localized rearrangements [149]. Understanding the 
effect of clay on secondary relaxations and its link to physical aging could ultimately result 
in the development of valuable strategies to control physical aging in these composite 
membranes and greatly enhance their performance during applications.   
Figure 24 shows the secondary relaxation processes in the control polyimide (PI) sample 
before clay addition. Crests of the 3D ″- f - T response surfaces over a temperature range 
of -80 to 250 °C are shown. Two relaxations are displayed in Figure 28: -relaxation in the 
low temperature region and -relaxation at approximately 20 oC.  
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Figure 24: ″ - f - T response surfaces for the control PI sample. Curves are spaced at 10o 
C increments and arrows follow the crests of differentrelaxations to show their progression 
with temperature. 
 
The -relaxation is linked to localized motions involving phenyl ring oscillations as well 
as coupled water molecules[150]–[152], while the -relaxation is assigned to local, short-
range, cooperative motions that comprehend larger portions of the PI repeat unit [153] 
[154]. Some authors revealed that this relaxation would also include two components: β1 
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which is associated with motions in the diamine section of the repeat unit and β2 which is 
caused by motions of the dianhydride segment [155] [156]. 
Figure 25 depicts the temperature dependence of ″ for the PI and its composite samples 
containing varying amounts of clay. With addition of clay, both  and -relaxation peak 
maxima shift to lower temperatures revealing more facilitated motions for the segments 
and moieties involved in these relaxations. This is possibly caused by increased free 
volume after the addition of clay.  
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Figure 25: Temperature dependence of  ″  at 1 Hz for the PI/clay composites showing 
the  and -relaxations 
The secondary relaxations in PI were fitted to the H-N equation (Eqn. 6) and the samples 
showed very good fits, as depicted by Figure 26.  
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Figure 26: Frequency dependence of the ″ at different temperatures showing the -
relaxation for the PI control (a), 0.5% clay (b), and 3% clay (c) samples. Lines represent 
the H-N equation fits to the experimental data. 
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-relaxation peak maxima for the samples shift to higher frequency with increasing 
temperature, indicating faster phenyl ring oscillations. Less symmetric behaviour observed 
in the  0.5% clay sample might indicate a much broader distribution of relaxation times for 
this sample. This is in contrast to the control and the 3% clay samples which exhibit more 
symmetric and well-resolved peaks. Such behavior for the 0.5% clay sample might reflect 
different environment around the chains as compared to other samples. 
Relaxation times (max = 1/2 fmax) of the -process motion were extracted at each 
temperature from the H-N model fits of the spectra in Figure 26.  Plots of log max vs. 1/T 
revealed an Arrhenius behavior in Figure 27, from which the activation energy values were 
calculated and presented in Table 6. 
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Figure 27 : Arrhenius plots for the -relaxation in the polyimide composite samples. 
Lines represent the best fits to the data 
 
 
Ea values are within the typical reported range for the -relaxation in the polyimide which 
ranges approximately from 40–60 kJ/mol [152]. The activation energy value for the -
relaxation drops significantly with the addition of only 0.5% clay, then exhibits a slight 
decrease for samples with increasing clay loading.  It seems that clay facilitates the phenyl 
group oscilliations possibly by disturbing the rigid backbone chain packing.   
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Table 6 : Calculated activation energies for the -relaxation in the polyimide composite 
samples 
Sample Activation energy (kJ/mol) Fit R2 
Pure PI  71.89 0.99 
PI 0.5 clay 52.99 0.99 
PI 2%clay 48.67 0.98 
PI 3%clay  42.98 0.98 
 
 
Secondary and Tg Relaxations in Polysulfone/Polyimide/Clay Composites 
As noted above, both PSF and PI showed to be attractive for gas separation 
applications due to their thermal-oxidative stability, high Tgs, resistance to chemicals, 
mechanical properties, and solubility in organic solvent. However, there exist some issues 
related their usage for such application especially for PI which suffers from CO2 
plasticization in addition of being an expensive material. During operation above 8 bars, 
CO2 swells the PI matrix and reduces the entangled chains effect leading to increased free 
volume and a reduction in membrane perm-selectivity. On the other hand, PSF 
demonstrated to resist plasticization above 30 bars of operating pressure and known to be 
of low cost [123].Thus, blending of PSF and PI is viable for gas separation membranes if 
one can find the right way to decrease their phase separation when blended. One way to do 
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so is to add a compatbilizer such as clay. The following section is a trial to understand the 
role of nanoclay in improving the dispersion of PSF/PI matrices within each other in the 
blend. 
The powerful broadband dielectric spectroscopy technique is used to investigate 
the effect of nanoclay insertion on the secondary and Tg-related segmental motion of each 
polymer. Understanding and design of such intra- and inter-segmental mobility for PI, for 
example, was thought by Kim et al to be crucial for its gas separation performance as they 
affect membrane packing efficiency [52]. 
Figure 29 describes the temperature dependence of ″ for the control PI and PSF samples 
as well as their blends with variable composition. Multiple relaxation processes are evident, 
to be exact, the secondary  relaxation in the PSF and PI, and the Tg-related motion in the 
PSF backbone. Assignment of these processes was detailed in the above sections for the 
PI/clay and PSF/clay composites.  
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Figure 28: Temperature dependence of ″ at 1 Hz for the PI, PSF, and their blends at 
different composition. 
 
It is interesting to note that the relaxationof PI is only well resolved for the control PI 
and the blend containing 70% PI. While it appears to be very weak when the PI content is 
leass than 70%. This relaxation is linked to motions in the dianhydride segment of the chain 
[155] [156].  The weaking of this relaxation reveals that the dianhydride segment dipoles 
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find some movement constraints with increased PSF content. Ammar et al reported that the 
dispersed domain size of PSF/PI phases remarkably decrease with decreasing the PSF 
content in the blend [14]. A detailed investigation is currently in progress to clearly 
understand the PI’s relaxation behavior in the blends. Around 50o C, there exist the 
PI’s relaxation and the PSF’s relaxation with their assigmnet as mentioned above. 
The long-range segmental motion related to the PSF’ Tg is clearly seen around 150 
oC. This relaxation exhibit many interesting features. The observed difference in its 
intensity is related to samples thickness’s variations, especially for the 50% PSF-50% PI 
sample which has the highest thickness. Thickness is reported to affect the dielectric 
response in ultrthin PSF films [135]. The second feature is that the peak maximum 
decreased as we moved from the control PSF to the 70% PSF-30% PI then increased with 
increasing the PI% in the blend. Rafiq et al. reported that the PSF’ Tg increases as the 
content of PI is increased in the blend reflecting an improved stability [123]. Pure PI has a 
Tg of 302 
oC [123] and its addition caused the blend Tg to increase as revealed by Figure 
29. Also, the presence of a single Tg peak for the blend at different composition reflects 
the miscibility of the polymers at the molecular level [123, 157]. Finally, the initial 
decrease of the blend Tg after adding 30% PI could be explained in terms of the fact that 
PI would act as a plasticizer at this percent and certain amount of PI is required to triger 
the increase in the Tg. Further investigation is currently in progress to clarify this trend.   
With addition of clay, for example to the 70% PSF-50% PI blend shown in Figure 
30, the relaxations in PSF and PI does not seem to be altered for this composition. Also, 
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the Tg-related relaxation seems to exhibit the same position with no shifts except for the 
decrease in its intensity at 1% clay.  
 
 
Figure 29: Temperature dependence of ″ at 1 Hz for the 70% PSF-50% PI blend at 
different clay percents. 
 
Figure 30 shows all the relaxation processes exhibited by the 70% PSF-50% PI-1% 
Clay sample as an example. Crests of the 3D ″- f - T response surfaces, over a wide 
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temperature range of -80 to 250 °C are shown. The ,  and Tg-relaxation discussed above 
are clearly observable in Figure 30. Interestingly, an additional peak at low f  is clear above 
the PSF’ Tg which is thought be related to the MWS interfacial polarization effect.  Since 
clay acts as a plsticizer for the blend, there will be some interfaces between the two 
polymers and between the organic polymeric matrix and the inorganic silicate layers of the 
clay. These different entities would cause differences in dielectric permittivity and/or 
charge conductivity across phase boundaries which results in fluctuating the interfacial 
polarization and an apparent peak related to this process appears at low f on loss 
permittivity ″ vs. f plots. 
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Figure 30: ″ - f - T response surfaces for the 70% PSF-50% PI-1% Clay blend sample. 
Curves are spaced at 10o C increments and arrow follow the crests of 
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6. GAS BARRIER  
Figure 31 shows oxygen flux, J(t), curves obtained as a function of time for a) PSF/Cloisite 
30B and b) PI/Cloisite 30B with different clay loadings at room temperature. The 
experimental data (open circles) and the fits (solid lines) showed the experimental data of 
oxygen flux were placed in the Fick’s second law equation as fitting.  
𝐽(𝑡) =
𝑃∆𝑝
𝑙
[− ∑ (−1)𝑛 exp (−
𝐷𝜋2𝑛2𝑡
𝑙2
)]∞𝑛=1       Equation [10] 
where Δp is the oxygen partial pressure difference, which was 1 atm in this case, 𝑙 is the 
thickness of the membrane and t is the time. Previous studies have calculated the  
permeability P and diffusivity D using  this equation [124], but in this study the 
permeability coefficient P was calculated directly from the steady-state flux J∞ value 
(Equation 5). 
 
 
 
 
 
a 
b 
Figure 31: Oxygen permeability as a function of time for a) PSF composites, b) PI composites 
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The oxygen permeability values of the polysulfone/Cloisite 30B and polyimide/Cloisite 
30B nanocomposites containing 1 and 3 wt% (nominal clay), are reported in Figure 32.  
The results show that PSF with 1% clay has permeability = 1.5375 (cm3/ [m²-day]) while 
PI with 1% clay has permeability = 3.732 (cm3/ [m²-day]), indicating PSF has more than 
two-fold lower permeability than PI.  
  
Figure 32: Oxygen permeability of polysulfone/Cloisite 30B and polyimide/Cloisite 30B 
as a function of clay loading 
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It should be noted that the permeability of PI membranes decreased by incorporating 1% 
of Cloisite® 30B and with even higher loadings, the permeability increased. When the clay 
content exceeds 3 wt.%, it is possible that there will be no significant effect of the clay 
content on permeation due to the aggregation phenomenon at high clay concentrations. It 
is worth mentioning that as the clay loading increases, the tortuosity factor will decrease 
and consequently lead to increasing the permeation [158, 159]. Previous studies explained 
the decreasing of oxygen permeability with decreasing the free volume and mobility and 
that decreasing could explained in terms of restricting the molecular level motions of 
biphenyl group in PI [54, 160, 161]. Here came the importance of dielectric spectroscopy 
to understand the movement of biphenyl group and its effect on the permeability. 
There exist some other possibility for decreasing the permeability of oxygen with clay 
addition, some studies refers that the decreasing in oxygen permeability is due to some 
chemical interaction between the oxygen molecules and clay [162, 163]. And that is an 
acceptable explanation since oxygen molecules have partially negative charge and clay 
have partially positive charge and that will lead to attract the oxygen molecules and slower 
its diffusivity. 
Figure 32 also show that blend of both polymer with 1:1 ratio. With 0% clay the blend in 
previous studies show immiscible morphology [14], and that might explain why the blend 
results is so close to polyimide results but still it need further more investigation to explain 
it. The permeability of oxygen is decreased very clearly when adding the clay and that can 
be explained from morphology point that adding the clay successfully overcome the phase 
71 
separation  problem between the two polymers as the clay play as compatibilizer[101]. The 
homogenous blend of polymer with clay decrease the volume between the chains of 
polymers and hence decrease the permeability.   
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CHAPTER 5 
5. CONCLUSION 
In this work, PSF and PI with varied loadings of silicate nanocomposites has been 
presented for gas separation applications. More specifically, polymer nanocomposite films 
of PSF/Cloisite® 30B and PI/Cloisite® 30B were prepared via a doctor blade casting 
technique as a function of clay loading. The exfoliation of PSF and PI with Cloisite® 30B 
was evidenced from XRD which showed the loss of the characteristic clay diffraction peak.  
Regarding gas separation, both composites showed a relatively high decrease in oxygen 
permeability when 1wt% of clay was added to the polymer matrix. On the other hand, 
samples with 3wt% clay composites did not give any significant results. It was also noted 
that PI composites have higher oxygen permeability than PSF due to the higher free volume 
between the PI chain with clay.  
Broadband dielectric spectroscopy was used to probe macromolecular motions in 
polysulfone and its clay nanocomposites. The dynamics of chain motions related to the 
secondary -relaxation and the Tg long-range segmental mobility were analyzed in terms 
of the Havriliak-Negami model. The -relaxation is assigned to the local dipole swinging 
of the –SO2 and the –(CH3)2 groups of the sulfone and the bisphenol sections of the 
polymer. Relaxation times were extracted from fitting the spectra to the H-N equation and 
then plotted against 1/T for all motions. The -relaxation exhibited an Arrhenius behavior 
while the Tg-related relaxation showed a non-Arrhenius VFTH trend. Vogel temperatures 
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extracted from the VFTH fitting of the spectra suggest a lower specific volume for the 0.5 
and 2% clay samples. This outcome leads to the conclusion that more efficient chain 
packing is evident for these samples relative to the control PSF, thereby explaining the 
lower oxygen permeability results. 
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6. FUTURE WORK  
The use of polyimide/polysulfone blends have been thoroughly studied for gas 
separation membrane applications [14, 93, 164–166]. Additionally, reported literature have 
discussed the incorporation of a filler such as zeolite [86] and silica [93] into a mixed matrix 
membrane of polyimide/polysulfone to ultimately increase system performance. . As such, 
a multi-component blend consisting of polyimide/polysulfone and Cloisite 30B is an 
interesting area to be further studied as potentially advanced nanocomposite membranes, 
especially from a gas separation point of view. Further research to study the selectivity of 
the films for different gas mixtures. In addition preparing a hollow fibers from the same 
material polyimide/clay and polysulfone/clay, since hollow fibers show a great and 
interesting result in field of gas separation [77, 88, 104, 147]. 
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